INTRODUCTION

Organic-inorganic hybrid perovskites
Since 2009, organic-inorganic hybrid perovskites have drawn great attention for the optoelectronic application. The structure and physical properties of these unique materials were first established by Weber in 1978 [1, 2] . The general formula of perovskite is AMX 3 , where A stands for organic cations such as CH 3 [3, 4] ; and X for halide anions such as Cl − , Br − or I − , as shown in Fig. 1a , b. In recent years, 3D organometal halide perovskites have been widely applied to optoelectronic fields owing to excellent electrical and optical properties such as high carrier mobility, strong and widerange light absorption.
However, the crystal-lattice of bulk 3D perovskite is easy to be damaged when exposed to ultraviolet irradiation, high temperature and the hydrous environment, which accelerates the decomposition of perovskite into reactants and results in a rapid degradation of the device performance. Humidity is the most crucial factor for the device stability. Thus, strict synthetic conditions are required for the fabrication of high-quality perovskite films, and the perovskite devices exhibit poor long-term stability in the ambient environment. The bulk perovskite has small binding energies (for example, the binding energies of MAPbX 3 (X=Cl, Br, I) range from 20 to 50 meV [5] ), which blocks the formation of bound excitons, finally resulting in inefficient radiative recombination and low PL quantum efficiencies (PLQE) of thin films. Notably, the MAPbI 3 structure even shows weak excitonic feature because of the low binding energy of 20 meV.
2D organic-inorganic hybrid perovskites
2D perovskite is developed as one of the alternatives with considerable moisture and temperature stablilities used in optoelectronics [6] . The 2D perovskites are obtained by inserting large-group ammonium halides (L) into inorganic 3D perovskite crystals, thus resulting in the structure of alternately stacked organic and inorganic layers (Fig. 1c) . By changing the stoichiometric ratio of LX, AX, and MX 2 , quasi-2D perovskite (L 2 A n-1 M n X 3n+1 ), with dimension between pure-2D perovskite (L 2 MX 4 ) and 3D perovskite (AMX 3 ) can be formed, as shown in Fig.  1d . The thickness of each inorganic layer can be incrementally adjusted by careful control of the stoichiometry, accompanied by the continuous control of band gap. 2D perovskites display good moisture stability compared with 3D perovskites owing to the hydrophobic alkylamines in their structures, which can prevent or delay the direct exposure of perovskite crystals to moisture [6, 9] . Furthermore, the binding energy of 2D perovskite is significantly enhanced (up to 300 meV [10] ) compared with 3D perovskite, promoting the exciton radiative recombination efficiency. Some 2D perovskites with large-group organic cations like C 6 H 5 (CH 2 ) 2 [11] [12] [13] . These phases with different exciton energies can be considered as multiple quantum wells (MQWs) and act as the carrier concentrators, leading to efficient radiative recombination [11, 12] . Furthermore, due to the large dielectric constant of large-group ammonium halides, 2D perovskite theoretically has inferior carrier mobility and carrier diffusion length with the increasing proportion of organic component. Fortunately, 2D perovskite is highly anisotropic because of its inherent organic-inorganic stacking structure, which signifies that the charge transport ability could be improved by out-of-plane crystal growth. Vertical growth of inorganic layer is related to the species and proportions of organic cations as well as preparation methods [6, [14] [15] [16] . The 2D perovskite film is isotropy when the proportion of large-group ammonium halides is small. By further increasing the proportion of large-group ammonium halides, the 2D perovskite film tends to show a vertical growth orientation [14] . 2D perovskite thin films of nearsingle-crystalline quality can be obtained by hot-cast method with near-perfect vertical orientation of the inorganic slabs [6] . In a word, 2D perovskite is characterized by improved stability and excitonic confinement properties compared with 3D perovskite, and its charge transport ability is believed comparable to that of traditional 3D perovskite using orientation engineering. Further researches about these material properties and devices applications are necessary for 2D perovskite, which may also provide other available choices for novel optoelectronic materials and applications in the future.
Fundamental working principles of perovskite optoelectronic devices
Perovskite materials are widely used in the fields of solar cells (SCs) and light-emitting diodes (LEDs). In these optoelectronic devices, perovskite plays the roles of absorber or emitter, as shown in the device structure in Fig. 2a . Perovskite solar cells (PeSCs) and perovskite light-emitting diodes (PeLEDs) are divided into PIN type and NIP type according to preparation order of hole transport layer (HTL)/perovskite layer/electron transport layer (ETL) or ETL/perovskite layer/HTL. In the PeSCs, Figure 1 Structure diagrams of 3D perovskite lattices [7] : (a) MX 6 regular octahedral structure; (b) AX 12 cubic octahedral structure. (c) The structure diagram of 2D perovskite crystals [8] ; (d) perovskite lattices with different dimensions (n=∞, 3D structure; n=1, pure 2D structure; and n=defined integer, quasi-2D structure). Reprinted with permission from Ref. [7] , Copyright 2014, Wiley-VCH Verlag GmBH&, and Ref. [8] , Copyright 2015, American Chemical Society.
the structure in Fig. 2b for example, perovskite layer absorbs the photon energy, and free carriers are generated under illumination. The photo-induced electrons are then transferred into ETL driven by the energy gaps of different layers, and the photo-induced holes are transferred into HTL. Finally, carriers are collected by the electrodes and transmitted to an external circuit. For the opposite process of electron-generation, in PeLEDs (Fig. 2c) , the electrons and holes are injected from ETL and HTL, and finally transferred into light emission through radiative recombination in the perovskite layer.
For traditional PeSCs, the thickness and qualities of perovskite layer including film crystallinity, coverage, and grain size, are important factors to favourable charge separation (recombination) and charge transport in them. For the PeSC, the increase of thickness of perovskite layer benefits light absorption. On the other hand, the film thickness is supposed to be less than the carrier diffusion length to ensure efficient charge transport. Thus, the tradeoff device performance requires long diffusion length of perovskite film to obtain high device performances [17] . For PeLED, the emitting region is confined to the perovskite layer to obtain pure-colour-light, so the perovskite layer is required to be thick enough. However, perovskite layer with superfluous thickness may provide more nonradiative recombination centres, which decreases the emitting efficiency of devices. Therefore, the PeLED also demands the optimal thickness of perovskite layer for the best device performance. Furthermore, high quality perovskite layer is another significant factor for good device performance, which means the high crystallinity, complete coverage and large grain size of perovskite layer. High quality perovskite film has more effictive carrier dissociation/transport and longer carrier diffusion length, with less ineffective recombination from pinholes and grain boundaries [17, 18] . The crystal growth kinetics are closely related to surface property of substrate, composition and concentration of precursors, additives, annealing temperature, and atmosphere condition [19] [20] [21] [22] . Controlling the procedure of nucleation and growth during film deposition and annealing is a promising route to morphology management and device optimization [23, 24] . For large-area preparation, it is generally difficult to obtain high-quality perovskite films, leading to moderate device efficiency. To overcome this challenge, several processes, such as doctor blading [25] , vapour-assisted deposition [26] , pressure processing method [27] , soft-cover deposition [28] , were proposed to fabricate large-area homogeneous perovskite films.
Similar to 3D PeSCs as described above, the thickness and quality of active layer are also crucial factors for 2D PeSCs. In addition to these factors, the distinct properties of 2D perovskite, including the material stability, excitonic confinement in multiple quantum wells, charge transport ability related to component ratio and crystal orientation, also play critical roles for device application. These properties will be detailed introduced in the next section, and the influence on device performance will be summarized in the Application section.
TYPICAL PROPERTIES OF 2D PEROVSKITE
In comparison to traditional 3D perovskite, 2D perovskite is featured by inserted organic layers between inorganic crystals. Owing to the layered structure of alternatelystacked organic and inorganic layers, 2D perovskite materials have superior stability and enhanced excitonic properties. What's more, as the ratio of organic . . . . . . . . . . . . . . . . . . . . . . . . . . . component increases, engineering of vertical crystal growth is important to achieve efficient charge transport.
Superior material stability
Organic cations in 2D perovskites
Compared to 3D perovskite, organic cations in 2D perovskite are not constrained within the octahedral structure anymore. Since 2D perovskite materials were first synthesized, various organic cations were employed to fabricate 2D perovskites, including linear alkylamine and some large-group ammoniums (such as phenylamine and its derivatives, polymeric ammoniums). Besides monoammonium, there are also diammonium among these organic molecules.
Early in the 1970s, researchers had published papers about 2D perovskite materials in theoretical modelling [29] [30] [31] [32] [33] [34] [35] [36] [37] . One of the two molecules must be sufficiently small to satisfy the tolerance limits, thus steadily existing in the gap of metal-halogen octahedron frame, named as small organic cation (A). The other kind of cation has large groups to separate inorganic crystals to form stack structure named as L. According to Goldschmidt tolerance-factor formula, the size of L-organic cations is confined in a certain scope. When below or above the scope, 2D perovskite structures cannot be formed. Organic cations and inorganic lattices are mismatched when the size exceeds the maximum; while the inorganic crystals cannot be separated when the size is below the minimum [7, 38] ) are also employed to form an organic spacing layer. Fig. 3b, c show the structure diagrams of <110> oriented layered perovskite with monoammonium and diammonium cations [47] . In monoammonium cations, ammonium groups interact with inorganic sheets by hydrogen bond and ionic bond, and tails extend to the organic layer space. For some monoammonium cations, the tails and adjacent inorganic layer interlace together; otherwise, the tails interact with surrounding tails by van der Waals force, apart from the inorganic layer. When there is no interaction between organic cations, the benzene or hexafluorobenzene are always inserted into the organic layers to fix the bimolecular combination, as shown in Fig. 3d . This is because of the interactions between fluoroaryls or aryls [48] . Diammonium cations have two ammoniums, one at each end, bonding with adjacent inorganic layers severally and stretching across the whole organic layer.
Mechanism of superior material stability
The stability enhancement of 2D perovskite materials is related to the multiple interaction forces in 2D perovskite, including strong ionic bond and covalent bond within inorganic layer, weak van der Waals force within organic layer, as well as connections between organic and inorganic layers (coordination bonds between ammonium group and Pb, hydrogen bond between ammonium group and halogen). Compared with 3D perovskite structure, 2D perovskite has organic cations extending to a wider space and interacting with each other by van der Waals force. As a result, it needs higher energy to interrupt interaction between the large-group ammoniums and inorganic layers in 2D structure than in 3D structure with MA + cations. Accordingly, desorption rate of organic cations is reduced by 6 orders of magnitude, while relevant decomposition process is slowed down as much as 1,000 times [49] . Furthermore, the organic cations on perovskite crystal surface can act as protective shell against moisture in the air. Study with density function theory (DFT) shows that decomposition reaction begins spontaneously on the material surface instead of inside the perovskite crystal, resulting from greater degree of freedom to rearrange surface molecules [49] . Thus, hydrophobic organic cations in 2D perovskite can effectively resist moisture in the air and prevent inorganic crystals from being damaged. The 2D PeSCs remain stable in air for several months, while the 3D counterparts begin to degrade after just a few days.
Suppressed ion migration in 2D perovskite is another potential reason for its excellent stability. The ion conductivity and ion migration activation energy both in the dark and under illumination were measured by Lin et al. [50] to investigate the ion migration stability in these materials. Under illumination, the conductivity should be mainly attributed to the photogenerated carriers. While in the dark conditions, the electronic conduction is the dominant contribution to the conductivity in the "low-temperature region" because ion migration is suppressed. With further increase in temperature, 3D perovskite shows a transition process from electronic to ionic conductivity with the activation energy changed from 30 to 190 meV. By contrast, such transition process is not observed in 2D perovskite with the constant activation energy of 41±7 meV, which illustrates that the ion migration is suppressed because of the organic spacing layer. This character of 2D perovskite could alleviate the deterioration process caused by ion migration, including the formation of nonradiative recombination centres, the decomposition of active layer, the degradation of transport layers and corrosion of electrodes.
Quantum confinement effect and exciton properties in 2D perovskite
Quantum confinement effect Similar to other low-dimensional materials, 2D perovskite, has quantum confinement effect [51] . The 2D perovskite has a wider band gap and narrow photoluminescence (PL) peak compared with the 3D analogue [42, 52] . The bandgap can be directly tuned by changing the "thickness" of inorganic layers. With increased n, 2D perovskite exhibits weakened excitonic and enhanced electronic properties and displays a transition from semiconducting to metallic behaviour [35] . Table 1 shows the band gap (E g ) values of several typical 2D perovskite materials with different n.
As mentioned above, the perovskite dimension can be adjusted by controlling stoichiometric. Interestingly, some quasi-2D perovskite films are not in single phase but multiple phases of mixed dimensions [11] [12] [13] 49, 55] . For pure-2D perovskite (n=1), there is only one phase named P1, corresponding to the only absorption peak for n=1 perovskite in Fig. 4a . When n is small, the phases P1, P2, and P3 are dominant. As the proportion of pure-2D component increased (n=2, 3, 4…), the quasi-2D perovskite films show different crystal phases with diverse dimensions, corresponding to several absorption peaks. The overlapped PL peaks of quasi-2D perovskite at about 520 nm separated from that of pure-2D perovskite can also imply these multiple phases in quasi-2D perovskite (Fig. 4b) . All the PL peaks of quasi-2D perovskite films are nearly at the same position of the PL peak of pure-3D perovskite. This phenomenon is related to the exciton confinement and photoexcitation transfer along different phases and the PL is generated from the phase with smallest bandgap (Fig. 4c-e) .
Exciton confinement and photoexcitation transfer
Since their spatial-confinement layered nanostructures, 2D perovskite can be considered as quantum-well structure, where the organic layers act as "barriers" and [49] and (b) PL [55] spectra of (PEA) 2 MA n−1 Pb n I 3n+1 . The carrier transfer process in (c) n=3 and (d) n=5 multiple-phase (PEA) 2 MA n−1 Pb n I 3n+1 and (e) the energy transfer across an inhomogeneous energy landscape [12] . (f) Schematic of cascade energy transfer in NFPI 7 MQWs and (g) the energy level diagram of the MQWs solar-cell device [11] . Reprinted with permission from Ref. [49] , Copyright 2016, American Chemical Society; Ref. [55] , Copyright 2015, Wiley-VCH GmBH&Co.; Ref. [12] , Copyright 2016, Nature Publishing Group; Ref. [11] , Copyright 2016, Nature Publishing Group. the inorganic layers as "wells". The excitons are bound in the built-in electric field between the positive organic layer and the negative inorganic layer. For the III-V group's semiconductor, such as heterojunction GaAs/AlAs/GaAs, excitons can only exist stably at low temperature, rather than room temperature [56] . Conversely, excitons in 2D perovskite can exist stably at room temperature due to the Cullen medium shielding effect [57] . There exists a dielectric-constant mismatch between organic layer and inorganic layer, leading to enhanced exciton effect in 2D perovskite. The binding energy of (C n H 2n+1 NH 3 ) 2 PbI 4 is measured as large as 320-420 meV [33, 58, 59 ] compared with 6-90 meV of CH 3 NH 3 PbI 3 [60, 61] . However, strong luminescence is only obtained at liquid nitrogen temperature, which is not so clearly understood but tentatively ascribed to exciton thermal quenching [52, 62] .
Furthermore in some quasi-2D perovskite films, selforganized multiple quantum wells (MQWs) with different exciton energies are found aligning in certain tendency [11] . Large-n QWs and small-n QWs tend to locate at interfaces between perovskite/HTL and perovskite/ETL respectively (Fig. 4f, g ). The multiple phases of mixed dimensions act as carrier concentrators that provide a funnelling mechanism for excited carriers transport. This rapid energy transfer restricts the exciton quenching effect and helps efficient radiative recombination in large-n QWs with better emission properties, resulting in improved performance of PeLEDs. However, this property is not in favour of the sequential colour tuning in some quasi-2D PeLEDs because of the similar PL peaks for different dimensions. It is not ubiquitous for all kinds of 2D perovskite to form multiple phases of mixed dimensions. For example, (BA) 2 (MA) n−1 Pb n I 3n+1 and (PEI) 2 (MA) n−1 Pb n I 3n+1 perovskite show no obvious evidence for multiple phases. In contrast, (BA) 2 (MA) n−1 Pb n I 3n+1 perovskite is likely to form near-single-crystalline films when n>2 in some cases [6] .
This exciton confinement property is favourable to 2D perovskites as ideal light-emitting materials. As a result, 2D PeLEDs show higher external quantum efficiency (EQE) compared with homologous 3D structures owing to more efficient radiation recombination and less exciton-defect quenching. However, with a larger proportion of insulating layers (smaller n), the electronic properties of 2D perovskite make it imperfect as solarcell absorber for the increased exciton binding energy as well as the decreased charge separation and transport abilities. The charge transport ability can be improved by engineering the vertical orientation of inorganic layers [6, [14] [15] [16] .
Crystal orientations engineering
There are multiple crystal planes in 3D perovskite, including <100>, <110> and <111>, leading to different growth orientations in low-dimension structures [47] (Fig. 5) . For the pure-2D perovskite (n=1), only <100> oriented planes favour the continuous growth of inorganic layers to form the simplest and commonest kinds of 2D perovskites. The <110> and <111> oriented planes grow continuous inorganic layer only when n>1. 2D perovskites with different organic cations tends to develop distinct oriented perovskite crystals. For example, in solution-processed 2D perovskite which contains only alkylammonium halides and tin (ΙΙ) or leads (ΙΙ) iodide, there appears almost no <110> direction, and the iodoformamidinium cation tends to form <110> rather than <100> oriented crystals [63] .
Orientations engineering by stoichiometry ratio
For 2D perovskite materials, the crystal orientation on substrate shows obvious tendency when carefully controlling the stoichiometry ratio [6, [14] [15] [16] . Oriented crystallisation parallel to substrate contributes to the growth of charge transport channel in inorganic layers, and thus assists in carrier transportation [6, 14] . We take (BA) 2 (MA) n−1 Pb n I 3n+1 as an example. For the n=1 member, the pure-2D perovskite (BA) 2 PbI 4 preferentially grows along the (110) direction where the inorganic planes parallel to the substrate. When n>1, there occurs a competition between parallel and vertical growth caused by BA and MA cations, where BA favours the growth within the planer layer and MA facilitates the growth outside the layer. As a result, in the n=2 member, there . . . . . . . . . . . . . . . . . . . . . . . . . . . . exist both parallel and vertical growth; for n>2 compounds, the crystal orientation would be vertical to the substrate plane in priority, and thin films with nearsingle-crystalline quality are finally produced. This crystal orientation was probed by scanning electron microscope (SEM), X-ray diffraction (XRD) and grazing incidence wide-angle X-ray scattering (GIWAXS) tests.
XRD is a powerful technique to identify the structure of 2D perovskite. The diffraction peaks of a crystal zone are almost equidistant, and the thickness of inorganic layer and organic layer can be derived from XRD patterns [15] . Fig. 6 shows XRD spectra of quasi-2D perovskite of (BA) 2 (MA) n−1 Pb n I 3n+1 (n=1, 2, 3, 4, ∞) [14] . The pure-2D perovskite (n=1) shows (00k) peaks implying the preferential growth along (110) direction. For the quasi-2D perovskite powder (n=2), (0k0) reflections occur in addition to (111) and (222) in the obtained XRD spectra corresponding to in-plane and out-of-plane orientations. In contrast, merely (111) and (222) reflections are noticed obviously for n=3 and n=4 quasi-2D perovskite films ((110) and (220) analogously for n=∞), which implies the vertical growth orientation of (BA) 2 (MA) n−1 Pb n I 3n+1 2D perovskite (n=3, 4). As n further increases towards 3D perovskite, the preferential layer alignment fades because few BA cations dope in 3D perovskite and show no longer influence on orientations. The XRD difference between films and powers demonstrates the crystal growth is affected when the substrate considered. Film crystallinity and orientation can be observed from SEM images, where perpendicular growing on the substrate and complete coverage are found in BA-based quasi-2D perovskite film compared with MA-based 3D perovskite, which is beneficial to device performance.
Orientations engineering by fabrication processes
The vertical orientation is managed by the hot-cast method and therefore near-single-crystalline (BA) 2 (MA) 3 Pb 4 I 13 films are obtained as demonstrated in GIWAXS [6] . GIWAXS of room-temperature-spin-coating exhibits a series of diffraction rings with strong intensity at certain extended arc segments, indicating that the polycrystalline films orient randomly in 3D without consistent direction. On the contrary, the film prepared by hot-cast method shows sharp discrete Bragg spots corresponding to arc segments. It is concluded that the hot-cast films grow along certain orientations, confirmed by the most remarkable reflections of (111) and (202) planes. The inorganic crystal plates <(MA) n−1 Pb n I 3n+1 > 2− are perpendicular to the substrate, forming continuous charge transfer channels favourable to charge transport for optoelectronic applications (Fig. 7b, e) .
Trade-off properties
As mentioned above, with pure-2D component increased, the 2D perovskite has enhanced stability. But meanwhile, the organic layers with large dielectric constant may Figure 6 The XRD spectra of 2D perovskite (BA) 2 (MA) n−1 Pb n I 3n+1 (n=1, 2, 3, 4) and 3D perovskite MAPbI 3 (n=∞) powders or films [14] . Reprinted with permission from Ref. [14] , Copyright 2015, American Chemical Society.
weaken the charge transport properties. It is known that the charge-carrier mobility results from the interplay of quantum confinement effect, crystal orientations and trap passivation effect [16] . As the dimension changes from 3D to 2D, the random orientations are replaced by ones perpendicular to the substrate, which is in favour of increased charge-carrier mobility. However, synchronously, exciton binding energy increases, trying to decrease the charge-carrier mobility and outweighing the benefits of preferential orientation when n increases to a certain magnitude. Furthermore, as the insulating component increases, the monomolecular recombination rate decreases first due to the trap passivation and then increases because of exciton recombination. For these reasons, to achieve excellent device properties, it is crucial to balance electronic confinement, crystal orientations and trap reduction for good charge transport ability with favourable stability.
PREPARATION METHODS OF 2D PEROVSKITE FILMS
Typical preparation methods of 3D perovskite films High-quality perovskite films are crucial for excellentperformance devices. For this purpose, researchers have proposed plenty of preparation methods of 3D perovskite films, mainly divided into three categories: one-step spincoating, co-evaporation, and sequential deposition. The one-step spin-coating method is the simplest and most common method [5, 18, 66, 67] . Perovskite films prepared by this method contain uneven grains and plentiful pinholes due to the rapid chemical reaction during solvent volatilization, which results in the contact between substrate and the functional layer above perovskite layer. As a result, the devices generate large leakage current during operation [68] . To settle the question above, the fast deposition-crystallisation procedure (or antisolvent spin-coating) (Fig. 8a) [64, 69] and the vacuum flash-assisted solution process [70] were reported successively for perovskite films preparation. The mechanism for the formation of dense and uniform perovskite films using these methods is analogical. During the antisolvent spinning (or the vacuum-flash process), the residual solvents are rapidly removed and the constituents are immediately frozen, leading to the formation of methylammonium iodide-lead iodide-dimethyl sulfoxide (MAI-PbI 2 -DMSO) intermediate phase.
The DMSO retards the rapid reaction between PbI 2 and MAI thus slowing down the crystal growth during solvent evaporation according to Equation 1: PbI 2 -DMSOMAI→MAPbI 3 +DMSO↑. As a result, dense and uniform perovskite films with increased grain size can be obtained after subsequent annealing. Besides one-step solution process, vapour deposition methods [71, 72] and spraydeposition [26] were proposed. Perovskite films prepared by the vapour deposition methods are uniform and smooth with continuous coverage and excellent crystallinity. However, the cost is considerable because the Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . experimental vacuum conditions are required. Therefore, they are not suitable for large-scale industrial production.
SCIENCE CHINA
Sequential deposition is another kind of method for fabricating perovskite films, such as the dipping method (Fig. 8b) [65, [73] [74] [75] and the sequential spin-coating [76, 77] . However, this approach is not suitable for planar heterojunction structures because of the slow and incomplete reaction. The perovskite films prepared by dipping method are rough and deciduous in the absence of the mesoporous-skeleton layers. By contrast, sequential spin-coating is more applicable to prepare planar heterojunction structure. Compared with one-step spincoating method, films prepared by sequential deposition have complete coverage and uniform morphology. This is because that the well-covered PbI 2 films act as the superior framework and provide kinetically favourable "nucleation" centers for further crystal growth, as shown in Equation 2: PbI 2 +MAI→MAPbI 3 . In addition to these methods, vapour assisted solution [68] and close space sublimation process [78] were also reported to fabricate perovskite films.
Preparation methods of 2D perovskite films
One-step spin-coating methods
Unlike the multiple preparation methods of 3D perovskite films, the preparation methods of 2D perovskite films are limited and expected to be enriched. Thus, the preparation methods of 3D perovskite films are supposed to be introduced in 2D perovskite films after fine-tuning. The majority of 2D perovskite films reported by now are prepared by one-step spin-coating methods [14, 40, 49, 79, 80] , to be specific, depositing precursor solutions (organics and metal halides dissolved in solvents, e.g., DMF or DMSO/GBL(1/1)) on substrates. By adjusting the ratio of the precursors, the dimension of perovskite is changed. This method is very simple and has been applied to fabricate 2D perovskite films in both n-i-p and p-i-n structures, such as (PEA) 2 (MA) n−1 Pb n I 3n+1 , [49, 79] (BA) 2 (MA) n−1 Pb n I 3n+1 , [14] and (PEI) 2 (MA) n−1 Pb n I 3n+1 [40] . The fast deposition-crystallisation procedure was also introduced into the fabrication of 2D perovskite. By dropping antisolvent, e.g., chlorobenzene, during the spin-coating process, homogeneous nuclei are formed immediately and grow up slowly. Finally, dense and uniform films are obtained without oversize grains that may destroy the morphology [49] . To achieve better device performances, the hot-cast method was introduced into (BA) 2 (MA) 3 Pb 4 I 13 films on PEDOT:PSS substrate [6] . The FTO/PEDOT:PSS substrate was heated before the precursor solution spin-coated on it. Fig. 9a shows the photograph of (BA) 2 (MA) 3 Pb 4 I 13 films prepared on substrates with different hot-cast temperatures from room temperature (RT) to 150°C. With rising tempera- ture, the films become dark and shiny with lower pinhole density (Fig. 9b-f) , which is necessary for high-efficiency devices. Most importantly, the inorganic layers in 2D perovskite films prepared by the hot-cast method have a preferential orientation vertical to the substrate with excellent crystallinity and few carrier traps, which is in favour of charge transport.
Another solution vapour annealing method was used to prepare high-quality (PEA) 2 PbBr 4 nanosheets at room temperature as an emitting layer for LEDs, as shown in Fig. 10a [81] . After emitting layer spin-coated, the sample was treated by solvent vapour annealing method. Firstly, a precursor solution of DMF comprising PEABr and PbBr 2 (2/1) was spin-coated on the top of ITO/PEDOT: PSS substrate. The sample was then placed face down on the edge of a glass dish but without contacting it. After that, the dish was transferred into a lidded beaker filled with DMF to form a closed space with DMF vapour. The temperature of DMF solvent was kept at 30°C for several minutes before the DMF vapour diffused beneath the (PEA) 2 PbI 4 film and contacted with it. As soon as the film turning into purple, it was removed out into open air rapidly and heated at 100°C for 10 min. By using DMF vapour annealing, the small and compact (PEA) 2 PbI 4 perovskite grains recrystallize into micron-sized nanosheets evenly distributed on PEDOT:PSS substrate. The nanosheet-films have larger grain size and higher crystallinity as well as higher PL intensity related to higher photoluminescence quantum yield (PLQY) (owing to quantum confinement) compared with unprocessed films (Fig. 10b-g ). Furthermore, the nanosheet-films show a longer PL lifetime although it is still much lower than that of the 3D perovskite MAPbI 3 (Fig. 10h) . As for device performance, nanosheet-LEDs exhibit small leak current and low turn-on voltage, with EQE 20 times higher than that of poly-LEDs (0.04%).
Sequential deposition method
The sequential deposition is another choice for 2D perovskite films preparation, including sequential dipping process and sequential spin-coating [9, 13] . The dipping process was employed to fabricate quasi-2D and quasi-3D perovskite films [13] . The procedures of dipping process are given in Fig. 11a : spin-coating (IC 2 H 4 NH 3 ) 2 PbI 4 layers on mp-TiO 2 substrates; immersing the films into MAI solution with a certain concentration for different dipping time (1-5 min), and transferring the films into cleaning fluid (2 mL isopropanol mixed with 10 mL methylbenzene) to remove the MAI residual. With increasing dipping time, MA + cations in solution permeate into (IC 2 H 4 NH 3 ) 2 PbI 4 films and consequently increase the thickness of inorganic PbI 4 layers. Then, the nanoparticles gradually grow up and interconnect with each other in film morphology, leading to sharper diffraction peaks (Fig. 11b-d) . The controlling over dipping time leads to sufficient contact of the reactants and therefore SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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In summay, the 2D perovskite films are generally fabricated using one-step spin-coating method because of its simple process and low cost, involving various phenomena and strategies. The small-n members of 2D perovskite films have better film-formation compared with 3D counterpart. As n increasing, pre-or posttreatment is necessary such as hot-cast, antisolvent or solution vapour annealing processes for better crystallization. Beside one-step spin-coating, sequential deposition also works for certain 2D perovskites. Sequential dipping method is used to grow perovskite films with the dimensions from pure-2D to 3D by changing dipping time. With this method, 2D perovskite crystals with an orientation vertical to the substrate can be obtained for efficient charge collection and extraction. Sequential spincoating is also considered as a method to prepare dense and uniform films due to the superior PbI 2 framework for crystal growth. In sequential spin-coating, the large cations are not likely to enter into the lattice but pack on the surface of 3D perovskite grains, forming quasi-3D structure.
As a trend for 2D perovskite related research, the regulation of growth orientation and multiple phase are supposed to be considered, which are sensitive to raw material ratio and preparation condition. The distribution of different phases and the vertical growth orientation should also be engineered from crystallization kinetics for favourable device performance. For future large-scale fabrication, solution process is not enough for high-quality films in industrial producing. Instead, doctor blading, pressure-processing method and so on are more appropriate as long as high-quality crystal is obtained.
APPLICATIONS OF 2D PEROVSKITE IN SOLAR CELLS AND LIGHT-EMITTING DIODES
At present, 2D perovskite has been successfully applied in the optoelectronic fields, especially solar cells (SCs) and light emitting diodes (LEDs). Previous researches about 3D perovskite in material theories and device techniques create the foundation for the progress of 2D perovskite. This material is expected to prepare low-cost, large-scale, flexible and stable optoelectronics.
Applications of 2D perovskite in solar cells
In recent years, the organic-inorganic hybrid perovskite solar cells (PeSCs) have drawn great attention as one of the most promising solar cells. However, the Achilles heel of PeSCs is their stability resisting high temperature, illumination and humidity. Through ETL or HTL property improvement [82] [83] [84] [85] [86] , interfaces engineering [87] [88] [89] and active layer modification [90] , the device stability can be improved. Utilizing 2D perovskite as the photoactive layer offers a strategy for stable solar cells with simple spin-coating process. The hydrophobic organic layers prevent perovskite crystals from ambient moisture favouring improved device stability. Furthermore, 2D perovskite films exhibit better film-forming property than 3D analogue in same preparation conditions [55] , leading to small leakage current in electronic devices. Although the intercalated organic cations inhibit the charge transport, carefully controlling the vertical orientation of inorganic crystals could be helpful [6, [14] [15] [16] . Table 2 . The stability of these 2D PeSCs against humidity is superior to the original MAPbI 3 solar cells. However, their J-V characteristics have a severe hysteresis and the test results are sensitive to the scanning speed [79] . Soon afterwards, butylammonium (BA), [6, 14] iodoethylammo-nium, [13] and PEI [40] were employed as organic cations and worked in active layers on TiO 2 or PEDOT:PSS substrates. The structures and specific parameters are listed in Table 2 . Fig. 12a shows the photoelectric characteristic of PEA 2 (MA) n−1 Pb n I 3n+1 with n changing from 6 to ∞ [49] . For lower-n members, the poor charge transport ability (i.e., low charge mobility or strong radiation recombination) and the insufficient absorption at near-infrared portion are responsible for the poor PCE. For large-n members, the bandgap almost no longer changes and the mobility is the main limiting factor for PCE. It is known that the detrimental factor of 3D perovskite is trap volume density other than mobility. As a result, the 2D devices can achieve higher PCE than 3D devices before the radiation recombination loss is intolerable. Higher   SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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V OC of 2D PeSCs has been reported in many publications, and different mechanisms were put forward. However, it is a common view that the higher V OC originates from lower mobility. Quan et al. [49] supposed that lower mobility leads to slower charge extraction, followed by carriers accumulation which enables higher V OC . Meanwhile, Cohen et al. [93] inferred that lower mobility of 2D perovskite relieves the carrier accumulation at selective contact, and therefore reduces the quenching at interface and results in higher V OC . The V OC could potentially be further improved through transport materials selecting and contact interface engineering [6, 14] .
Although the enhanced V OC of 2D PeSCs was observed in many reports, the mainstream strategy for improving solar cell efficiency is to enlarge the J SC and FF as possible, which requires large carrier mobilities of active layer. The charge transport of 2D perovskite can be improved by selecting large cation and regulating the vertical orientation for better efficiency. Yao et al. [40] compared the charge transport abilities of BA-based, PEI-based 2D perovskite and 3D perovskite using time-resolved PL and the time constant are 6.6, 8.9 and 11.8 ns, respectively. This implies using polymeric ammonium presents a way of addressing the problems of poor charge transport in 2D perovskite. Otherwise, regulating the vertical growth of 2D perovskite is also desirable for good charge transport. Uniform and dense (BA) 2 (MA) n−1 Pb n I 3n+1 films can be grown in orientation by crude one-step method, while the MAPbI 3 films exhibit rough morphology under the same condition [14] . The hot-cast method was used to grow near-single-crystal (BA) 2 (MA) 3 Pb 4 I 13 films with vertical orientation [6] . Although the efficiencies of lown-value 2D PeSCs gradually decrease as the proportion of large cation increases, the change of stability follows the . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   1270 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . opposite trend. As shown in Fig. 12b , there is a trade-off between the stability and efficiency. To obtain both higher PCE and stability than 3D devices, 2D perovskite with large n is more suitable for application of solar cells.
It is worth mentioning that the high stability and good film-formation of 2D perovskite greatly favour the large-scale fabrication. Yao et al. [40] prepared the 2D PeSCs with a p-i-n structure of PEDOT:PSS/(PEI) 2 (MA) n−1 Pb n I 3n+1 / PCBM. The PCE of 2D devices (10.08% when n=7) are lower than those of MAPbI 3 devices (15.42%) in smallarea of 0.04 cm 2 . However, when the area is enlarged to 2.32 cm 2 , the MAPbI 3 devices exhit a severe deterioration and show a PCE of 5.82%. By contrast, the 2D PeSCs achieve the highest PCE of 8.77%, remaining 90% of the original value after 500 h (AM 1.5G; 100 mW cm −2 ) without encapsulated. Grancini et al. [54] used (AVAI/PbI 2 )/(MAI/PbI 2 ) precursor solution to prepare 10×10 cm 2 devices by a fully printable process, and reported a PCE of 11.2% when (AVAI/PbI 2 ) components take up 3% of the total volume. These PeSCs maintained long-term stability at AM 1.5G for at least 5,000 h.
2D perovskite as modified layer
Other cases are the utilizations of 2D perovskites as modified layers between absorption layer and transport layers for interface passivation [95] [96] [97] . A layer of (PEI) 2 PbI 4 between PEDOT:PSS and MAPbI 3 acts as a growing template for micron-grain and favours the formation of homogeneous films. The HOMO level of (PEI) 2 PbI 4 (5.3 eV) matches well with the PEDOT:PSS and 3D perovskite which is beneficial to the holeinjection into the HTLs. Devices based on the FTO substrates and flexible substrates exhibit PCE of >16% and 13.8% respectively under the same experimental conditions. The modified devices retained 90% of their initial PCE after continuous illumination for 200 h. Wang et al. [96] spin-coated a layer of aniline (A), benzylamine (BA) or phenethylamine (PEA) on FAPbI 3 as passivation layers. Although A, BA, and PEA all contain hydrophobic benzene ring in them, their modified devices have . . . . . . . . . . . . . . . . . . . . . . . . . . . . different levels of water-resistivity. The BA-FAPbI 3 shows much better stability than others for two reasons: (1) the calculated water adsorption energy of BA-FAPbI 3 is much reduced compared with FAPbI 3 and A-FAPbI 3 ; (2) the distance between water molecules and Pb-I is larger in BA-FAPbI 3 because of the perpendicular steric arrangement of BA molecules. Finally, they obtained devices with PCE >19%, remaining almost unchanged in the initial three days in the air (50 ±5 RH%) and 50% of original PCE value after 4 months. It is worth mentioning that the PCE showed almost no decline after 4 months in the air if the spiro-OMeTAD layer and Au electrode were prepared right before tested. Furthermore, Cho et al. [97] selectively grew 2D perovskite on the surface of Cs 0.1 FA 0.74 MA 0.13 PbI 2.48 Br 0.39 film by treating it with a PEAI isopropanol solution. This thin 2D perovskite layer blocks the transfer of electrons to HTL and reduces the charge recombination owing to energy band offset. The best PCE of 20.1% was obtained and it remained 85% in humid environment after the device stressed at 50°C under continuous illumination of full intensity for 800 h.
Applications of 2D perovskite in light-emitting diodes
In addition to the application in solar cells, the organicinorganic perovskites are also promising in electroluminescence (EL) attributing to their high colour purity, tunable bandgap, low nonradiative recombination rates and good charge transport properties [98] [99] [100] [101] [102] . At present, the luminance of perovskite light-emitting diodes (PeLEDs) has exceeded 10,000 cd m −2 [103, 104] . Xing et al. [105] have prepared LED devices employing CH 3 NH 3 PbBr 3 amorphous nanoparticles as emitting material with the best current efficiency (CE) of 11.49 cd A −1 , luminous efficiency of 7.84 lm W −1 , and EQE of 3.8%. Besides, 3D-PeLEDs benefit from high colour tunability achieved by various ratios of halogen ingredients, together with low preparation cost from solution process. However, the performance of 3D-PeLEDs is somehow limited. 3D perovskites have small exciton binding energy and long exciton diffusion length. As a result, excitons are dissociated into carriers easily and quenched by defects, which impedes radiative recombination and limits EL efficiency. The natural limits of 3D perovskite can be unrestricted by quantum confinement. By reducing the grain size, the exciton diffusion length is decreased, which inhibits the dissociation of excitons and improves device performance [98] . However, the electroluminescence quantum yield (ELQY) of 3D-PeLEDs is still far lower than the theoretical maximum PLQE of 70%. The main reasons include current loss from incomplete coverage of substrate, high working voltage from barriers to electron injection, and inevitable high excitation intensity for high PLQE [99] .
It is well-known that the emitting-layers of LEDs are typically thin to confine the injected carriers and maximise charge density [99] . However, thin films usually have pinholes and show coverage incompletely on substrates, leading to moderate EQE [100, 103] . Further solutions are found in dimension-reduction of perovskite, where the excitons are confined by the organic layers, resulting in improved radiative recombination efficiency [81] . Furthermore, the 2D perovskite has good filmforming properties compared with 3D analogue [12, 55] . These excellent exciton and film-forming properties of 2D perovskite bring about an enhanced PLQE and remarkable EQE of 14.36% [106] . Particularly, although the pure-2D 2D-perovskites have good film-forming properties (like in quasi-2D ones) [107] , the excitons in them quench rapidly regarding nonradiative recombination, resulting in low PLQEs [59, 108] . Therefore most impressive performances of 2D perovskite LED are from quasi-2D perovskite rather than pure-2D one. In recent years, blue, green and near-infrared (NIR) 2D PeLEDs have already been reported. Table 3 demonstrates different structures and performance parameters of several 2D-PeLEDs. The 2D perovskite is also used in broadband single-source white-light emitters, achieving the highest colour rendering index (CRI) of 85, which is an approach to the high CRI value of mixed-phosphor light sources [47] . Further breakthroughs of 2D PeLEDs are possible focused on organic materials design, defectsfree films techniques as well as the crystallising process influenced by various types of organic cations. Besides, although blue 2D PeLEDs have been reported, their performance still has great potential to be improved.
In comparison, the significantly higher emitting efficiency of quasi-2D perovskite than 3D counterpart is due to the exciton confinement effect of self-organized MQWs [11] . With the better confinement of exciton in inorganic sheets, the binding energy of perovskite can be effectively raised from tens of eV up to hundreds of eV by introducing 2D configuration [59, 61] .The strongly bound excitons in 2D perovskite generally go through faster radiative recombination compared with in 3D one. Together with shorter diffusion length, excitons are less possible to be quenched by defects on grain boundaries and film interfaces, which ultimately leads to relatively higher PLQE in quasi-2D perovskite. By far, impressive PLQY (more than 70%) and EQE of LED device (more than 14%) have been achieved with quasi-2D perovskite, REVIEWS . . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   1272 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . which are higher than those of any other 3D perovskite, as recently reported [106] .
By far the EQEs of 2D perovskite LED have exceeded those of 3D ones in red and green colours [12, 106] . However, the performances of blue 2D perovskite still remain moderate [81] . The low efficiency in both 2D and 3D blue perovskite is mainly caused by the difficulty of introducing chloride precursor for its low solubility in regularly used solvents (e.g., N,N-dimethylformamide). Therefore, the most feasible way to blue emission is to introduce 2D configuration in bromine-based perovskite, and thus the blue-shift effect due to quantum confinement would lead to blue emission. However, enough blue-shift effect (for emission below 450 nm) can only be attained in pure-2D perovskite, in which some unknown superfast [55] phonon-mediated thermal quenching [52] mechanism would intensively quench excitons. The details of this mechanism still remain unclear, but the future thoroughly understanding of it is supposed to be favourable for getting efficient blue emission from perovskite and accomplishing full-colour emission.
CONCLUSION
This review gives a generalisation of 2D perovskite from material characteristics to optoelectronics applications. First, we introduced the structure and typical properties of 2D perovskite, including the stability, quantum confinement effect and exciton properties, multiple phases and preferred orientation in 2D perovskite. Second, we described and compared the preparation technologies of 2D perovskite films. Then, the application status in the field of solar cells and light-emitting diodes is summarized. For 2D PeSCs, devices with higher efficiency and stability than 3D ones can be obtained by the incorporation of small doses of large ammonium in absorbing layer or at the interface with transport layers. The 2D-PeLEDs can achieve better performance than 3D analogue due to the quantum confinement effect as well as enhanced stability, implying that 2D perovskite is suitable as light-emitting materials. The high stability and good film-forming of 2D perovskite greatly favour the large-scale industrialized fabrication.
There exist some challenges at the same time. It is significant to design appropriate organic cations with remarkable properties, such as using small organics with strong charge transfer ability to improve the conductivity. The mechanism of the formation and distribution of the multiple phases in 2D perovskite is not so clear (for example, why multiple phases appear in some 2D perovskite but are not so obvious in others?). The influence of the ratio and distribution of different phases on device performance are accordingly necessary to be explored. Furthermore, there is no specific conclusion about the poor quantum yield of pure-2D perovskite which has considerable quantum confinement effect/ exciton binding energy (how are the excitons quenched?). The preparation processes of 2D perovskite need to be engineered for improved devices performance. Low-cost and low-temperature preparation techniques for highquality and large-area 2D perovskite films could make great sense in the future. In a word, there are still many challenges in this filed and further promotion is expected 
